A split intein capable of protein transsplicing is identified in a DnaE protein of the cyanobacterium Synechocystis sp. strain PCC6803. The N-and C-terminal halves of DnaE (catalytic subunit ␣ of DNA polymerase III) are encoded by two separate genes, dnaE-n and dnaE-c, respectively. These two genes are located 745,226 bp apart in the genome and on opposite DNA strands. The dnaE-n product consists of a N-extein sequence followed by a 123-aa intein sequence, whereas the dnaE-c product consists of a 36-aa intein sequence followed by a C-extein sequence. The N-and C-extein sequences together reconstitute a complete DnaE sequence that is interrupted by the intein sequences inside the ␤-and -binding domains. The two intein sequences together reconstitute a split mini-intein that not only has intein-like sequence features but also exhibited protein trans-splicing activity when tested in Escherichia coli cells.
Inteins have been defined as protein sequences embedded in-frame within a precursor protein sequence and excised during a maturation process termed protein splicing (1, 2) . Protein splicing is a post-translational event involving precise excision of the intein sequence and concomitant ligation of the flanking sequences (N-and C-exteins) by a normal peptide bond (3) (4) (5) . Most reported inteins are thought to be bifunctional elements, possessing a protein splicing activity and an endonuclease activity (6) (7) (8) (9) . Crystal structure of the Sce VMA1 intein revealed a two-domain structure, with domain I consisting of the N-and C-terminal regions of the intein sequence and domain II formed by the middle part of the intein sequence (10) . Domain I (or a part of it) was suggested to be the splicing domain, whereas domain II corresponded to the endonuclease domain. Such a bipartite structure may be applicable to many other inteins, as has been suggested by studies including mutagenesis (11, 12) and sequence statistical modeling (7) (8) (9) . Functional studies of mini-inteins, either found in nature or engineered in vitro, also confirmed such a two-domain model (13) (14) (15) , further suggesting that the N-and C-terminal regions of an intein make up a functional splicing domain. Molecular mechanisms of protein splicing involve an N3S (or N3O) acyl shift at the N-terminal splice site (16) (17) (18) , formation of a branched intermediate (19, 20) , and cyclization of an invariant Asn residue at the C terminus of intein to form succinimide (21) , leading to excision of the intein. The ligated exteins undergo an S3N (or O3N) acyl shift to form a native peptide bond (21) . Amino acid residues that are implicated in the splicing mechanism include a nucleophilic amino acid (Cys, Ser, or Thr) both at the beginning of the intein sequence and at the beginning of the C-extein sequence, an internal His, and a His-Asn dipeptide at the end of the intein sequence. In crystal structures of two inteins, these amino acids are indeed positioned at or near the active site of protein splicing (10, 22) .
Approximately 50 intein-coding sequences have been found in Ͼ20 different genes distributed among the nuclear and organellar genomes of eukaryotes, archaebacteria (archaea), and eubacteria, suggesting a wide distribution of inteins (see the Intein Registry at http:͞͞www.neb.com͞neb͞inteins.html). Inteins, like many introns (23) , are thought to be mobile genetic elements that can be transmitted through horizontal transfer (intein homing), and the intein endonuclease activity is thought to initiate this process (24) (25) (26) . Known inteins share little overall sequence identity, except between homologous inteins found at the same insertion site in homologous proteins of different organisms (6) . A number of short sequence motifs do show a low but significant degree of conservation among inteins (6, 27) , suggesting similarities in intein structure, function, and evolutionary origin. Previously reported inteins all have continuous sequences, most are 400-500 aa in size with a protein splicing domain and an endonuclease domain, whereas a few mini-inteins are Ϸ150 aa in size with a splicing domain only. Three intein sequences were found previously in the cyanobacterium Synechocystis sp. strain PCC6803 (Ssp), including the Ssp DnaB intein in a DNA helicase (28) , the Ssp DnaX intein in the subunit of DNA polymerase III (29) , and the Ssp GyrB intein in a DNA gyrase B subunit (7, 9) . Here, we report a new intein (Ssp DnaE intein) found in this cyanobacterium and present in a DnaE protein. DnaE is the catalytic subunit of bacterial DNA polymerase III. In E. coli, DNA polymerase III holoenzyme is the replicative polymerase responsible for the synthesis of the majority of the genome. DnaE (also known as ␣), in addition to its catalytic role, also serves as an organization protein to hold the 18-protein holoenzyme complex together. Its C-terminal half interacts directly with the subunit to form a dimeric polymerase and with the ␤ subunit that forms a sliding clamp on the DNA template, whereas its N-terminal half contains the polymerase active site (30) . In this study, we show that the DnaE protein of Synechocystis sp. PCC6803 is encoded by a split gene interrupted by intein sequences. In an independent study, Gorbalenya also predicted this intein-containing split DnaE gene through sequence analysis (39) . We further demonstrate that the products of the split DnaE gene can undergo protein trans-splicing to form an intact DnaE protein.
merase Pfu (Stratagene). The 2,694-bp dnaE-n gene was amplified by using a pair of oligonucleotide primers: 5Ј-ATGTCCT TCGTCGGTCYTCCATATC-3Ј and 5Ј-AT-CAATAAATCGCCTTCACATTGTAATC-3Ј. The 1,377-bp dnaE-c gene was amplified by using a pair of oligonucleotide primers: 5Ј-ATGGTTAAAGTTATCGGTCGTCGTTC-3Ј and 5Ј-CTAGCCAACACTCTGGCTTTGG-3Ј. A recombinant expression plasmid was constructed as a tripartite fusion of the complete dnaE-c sequence, a portion of the dnaE-n sequence (named dnaE-nЈ, 1,017 bp), and the expression plasmid vector pET-32 (Novagen) without the thioredoxin gene. A cassette of termination codon followed by ShineDalgarno sequence followed by initiation codon was inserted between the two genes by a PCR-mediated method. First, a linear DNA fragment was amplified from the circular plasmid DNA in a PCR, using the Advantage cDNA polymerase mix (CLONTECH) and a pair of oligonucleotide primers: 5Ј-TT-AATAATAATGGGTACCTTGAAAATGGATTTTTTA-GGCTTG-3Ј, and 5Ј-ATTATTATTAACCTCCTTAACTC-TGGCTTTGGGGTAACAGTGG-3Ј. The amplified linear DNA molecule was circularized to form the expression plasmid.
Protein Production and Splicing in E. coli Cells. The expression plasmid containing dnaE-c and dnaE-nЈ sequences was used to transform E. coli cells. The transformed cells were grown in liquid Lurie Broth medium at 37°C to late log phase (A 600 , 0.5). Isopropyl ␤-D-thiogalactoside (IPTG) was added to a final concentration of 0.8 mM to induce production of the recombinant proteins, and the induction was continued overnight at 15°C. Cells were lysed in SDS-containing loading buffer in a boiling water bath before SDS͞PAGE. Antisera used in Western blots were raised in rabbits against specific antigens that had been overproduced in E. coli cells transformed with the corresponding genes. The anti-N antiserum was raised against the complete DnaE-n protein. The anti-C antiserum was raised against the first 400 aa of the DnaE-c protein. The specificity of each antiserum was confirmed by testing on the corresponding antigen. The amount of protein in individual protein bands was estimated by using a gel documentation system (Gel Doc 1000 coupled with MOLECU-LAR ANALYST software, Bio-Rad). A protein band of interest was excised from SDS-polyacrylamide gel after staining, and the protein was electro-eluted and transferred onto poly(vinylidene difluoride) membrane for protein micro-sequencing. In peptide analysis and sequencing, the protein of interest was treated with protease trypsin, the resulting peptides were resolved by HPLC chromatography, peptides of interest were screened by mass spectrometry, and selected peptides were subjected to micro-sequencing. Protein and peptide sequencing, protease digestion, and peptide analysis were all carried out at the Microchemistry Facility of Harvard University.
RESULTS
Sequence Analysis of the Split DnaE Genes. The complete genome sequence has been determined previously for Synechocystis sp. PCC6803 (33) , and a list of the gene content can be seen at the CyanoBase web site (http:͞͞www.kazusa.or.jp͞ cyano͞cyano.html). In browsing through this CyanoBase, we noticed that there are two separate ORFs (ORFs slr0603 and sll1572) showing significant sequence similarities to the E. coli DnaE protein (DNA polymerase III ␣ subunit). Further analysis revealed that ORF slr0603 and ORF sll1572 are two members of a discontinuous (split) DnaE gene, and these ORFs subsequently were named dnaE-n and dnaE-c, respectively (Fig. 1) . The dnaE-n-coding sequence is 2,694 bp long and spans from base 3,561,946 to 3,564,639 of the genome. The dnaE-c-coding sequence is 1,377 bp long and spans from base 737,811 to 736,435 of the genome. These two genes are separated by 745,226 bp of sequence and numerous unrelated genes on the 3,573,470-bp circular genome. In addition to distance, coding sequences of these two genes are located on opposite DNA strands. There is no indication of intron sequence either downstream of dnaE-n or upstream of dnaE-c. In fact, the dnaE-n gene is followed immediately downstream by a lepA gene that encodes a GTP-binding protein unrelated to DnaE, with a 199-bp intergenic spacer between them. The dnaE-c gene is flanked upstream by an unidentified ORF that is unrelated to DnaE and has some similarity to lysostaphin, with a 215-bp intergenic spacer between them. There is no additional DnaE-like gene listed in the CyanoBase. We also were unable to find an additional DnaE gene (complete or in fragments) either by extensive BLAST searches of the complete Ssp genome sequence or by Southern blot analysis of the total Ssp DNA by using the Ssp DnaE gene and the E. coli DnaE gene as DNA probes (data not shown).
Protein sequence deduced from the dnaE-n gene can be divided into two regions: a 774-aa extein region named Ext-n followed by a 123-aa intein region named Int-n. Similarly, protein sequences deduced from the dnaE-c gene can be divided into an intein region (Int-c, 36 aa) followed by an extein region (Ext-c, 423 aa). The Ext-n and Ext-c sequences correspond to the N-and C-terminal halves of a DnaE protein, respectively, and together they reconstitute a complete DnaE sequence. This Ssp DnaE sequence, although discontinuous or split, resembles the continuous DnaE sequences of other organisms both in length and in sequence ( Fig. 2A) . The Ssp DnaE sequence is 36%, 37%, and 35% identical to DnaE proteins of E. coli, Bacillus subtilis, and Mycobacterium tuberculosis, respectively, over the entire 1,196 aa sequence. These FIG. 1. Gene map and protein structure. Two members of the split DnaE gene, dnaE-n and dnaE-c, are shown on the genome of Synechocystis sp. PCC6803 (Ssp genome). In the predicted proteins, DnaE-related sequences (u) are specified as exteins Ext-n and Ext-c, whereas intein-related sequences (s) are specified as Int-n and Int-c. The exteins are related to E. coli DnaE protein whose functional domains are marked. The Int-n and Int-c sequences show no detectable similarity to DnaE proteins but instead have marked similarity to known intein sequences (Fig. 2B) . Int-n and Int-c correspond to the N-and C-terminal halves of the intein, and together they reconstitute a mini-intein sequence (named Ssp DnaE intein) with a composite length of 159 aa. The sequence of this discontinuous (split) Ssp DnaE intein is most similar to corresponding sequences of the Rma DnaB intein found previously in a DnaB protein (DNA helicase) of the thermophilic eubacterium Rhodothermus marinus (34) . The Ssp DnaE intein sequence is 30% identical to the Rma DnaB intein and 22% identical to the Ssp DnaB intein over the 159-aa sequence. Much lower sequence identities were found in comparing it with other known inteins. The Ssp DnaE intein, in addition to being split, lacks sequences for a centrally located endonuclease domain that is present in most known inteins including the Rma DnaB intein. Nevertheless, the split Ssp DnaE intein has many known sequence features of an intein splicing domain. A 50% sequence identity was found between the Ssp DnaE intein and the Rma DnaB intein over the conserved sequence blocks (A, B, F, and G, totaling 49 aa) . Residues important for the catalysis of protein splicing were found in the Ssp DnaE intein, including a nucleophilic residue (Cys) at the beginning of the intein sequence, another Cys at the beginning of the C-extein, a Thr and a His in sequence block B, and an Asn at the end of the intein. An Ala precedes the C-terminal Asn in the Ssp DnaE intein, although this position is occupied by His in most, but not all, known inteins.
The insertion site of the split Ssp DnaE intein is inside the ␤-and -binding domains but outside the polymerase active site of the DnaE protein, according to a comparison with the better studied E. coli DnaE protein (Fig. 1) . The Ssp DnaE intein disrupts a conserved region of the DnaE sequence (Fig.  2 A) , which helped to define the extein-intein boundaries. The first residue of Ext-c in the Ssp DnaE sequence is Cys, whereas this position in the other DnaE proteins is occupied by Gly or Ala. This observation is consistent with a requirement of the Cys in Ssp DnaE for protein splicing and the absence of an intein in the other DnaE proteins.
Protein Trans-Splicing. The split Ssp DnaE intein was tested in E. coli cells for protein trans-splicing activity (Fig. 3) . The DnaE-n-and DnaE-c-coding sequences were inserted into an expression plasmid vector to form a two-gene operon (Fig.  3A) , allowing production of the two proteins inside the same E. coli cell and from a single inducible promoter. The construct contained the complete DnaE-c-coding sequence and a partial DnaE-n-coding sequence. Using a complete DnaE-n-coding (1998) sequence resulted in lower production and elevated degradation (fragmentation) of the protein (data not shown). The partial DnaE-n sequence is termed DnaE-nЈ and consisted of a portion of the Ext-n sequence (216 aa, proximal to the intein) followed by the entire Int-n sequence. The DnaE-c-and DnaE-nЈ-coding sequences were separated by a small intergenic spacer that contained a Shine-Dalgarno sequence (ribosome-binding site) followed by an AT-rich sequence. The DnaE-c-coding sequence was placed in front of the DnaE-ncoding sequence, preventing accidental fusion of the split intein sequences, which might arise through accidental translation of the small intergenic spacer. E. coli cells containing the above recombinant plasmid were induced to produce the DnaE-c protein, the DnaE-nЈ protein, and possibly a spliced protein. Three protein products (C, N, and N-C) were observed after the induction (Fig. 3B) . Protein C and protein N were identified as the precursor proteins DnaE-c and DnaE-nЈ, respectively. Their apparent sizes matched closely the predicted sizes (51 kDa for C and 38 kDa for N), and each of them was recognized specifically by antiserum raised against that protein. The third protein, N-C, was identified as a spliced protein (ligated exteins). First, its apparent size matched closely the predicted size of a spliced protein (71 kDa). Second, protein N-C was recognized by both the anti-N and the anti-C antisera, indicating that it contains both DnaE-n and DnaE-c sequences. Finally, protein N-C was firmly identified as the spliced protein by protein sequencing and peptide analysis (Fig. 3C) . N-terminal protein sequencing of protein N-C revealed a 17-aa sequence, KMDFLGLKN-LTTLQRAV, which matched precisely the predicted DnaE-nЈ sequence at amino acid positions 5-21. Amino acids at positions 2-4 were not determined, because of sequencing failures at these positions, and the N-terminal f-Met apparently had been removed in the E. coli cell. The protein N-C was further treated with protease trypsin, and the resulting polypeptides were selectively analyzed. Two polypeptides (peptides III and IV) inside the DnaE-c sequence were identified by matching their molecular masses to predicted molecular masses. Peptide III corresponded to the sequence SHSTAYAYVTYQTAYLK (amino acid positions 220-236), whereas peptide IV corresponded to the sequence EHLGFYVSEHPLK (amino acid positions 428-440). Most importantly, a polypeptide (peptide II) spanning the spliced junction was identified and sequenced. Its sequence, FAEYCFNK, matches precisely the predicted sequence in a spliced protein, with the sequence FAEY being the last four residues of Ext-nЈ and the sequence CFNK being the first four residues of Ext-c. This shows precise excision of the intein sequences (Int-n and Int-c) and joining of the extein sequences (Ext-nЈ and Ext-c) by a normal peptide bond. The two excised intein fragments were predicted but not observed, most likely because of their small sizes (14 kDa for Int-n and 4 kDa for Int-c), weak binding by the anti-N and anti-C antisera, and͞or rapid degradation in the E. coli cell. Nevertheless, production of the spliced protein (protein N-C) demonstrates that protein trans-splicing had occurred. Comparing the amount of protein N-C and the amount of protein N indicates that Ϸ80% of the precursor protein N was incorporated into the spliced protein. The remaining protein N may have misfolded. Protein C accumulated much more than protein N, indicating that the dnaE-c gene was expressed much more than the downstream dnaE-nЈ gene. This may be because of inefficient translational coupling of the two-gene operon or a more rapid degradation of protein N. 
FIG. 3. Protein trans-splicing.
The dnaE-n and dnaE-c genes are co-expressed in E. coli cells to observe protein trans-splicing. (A) Schematic illustration. The genes are constructed as a two-gene operon in an expression plasmid vector, with the complete DnaE-ccoding sequence followed by a partial DnaE-n-coding sequence (DnaE-nЈ). In the intergenic spacer, the termination codon (TAA) of DnaE-c and the initiation codon of DnaE-nЈ are boxed, and the Shine-Dalgarno sequence (ribosome-binding site) is underlined. Products of the two genes are shown as precursor proteins, with their extein regions (Ext-nЈ and Ext-c) and intein regions (Int-n and Int-c) as indicated. Protein trans-splicing produces a spliced protein and excised intein fragments. (B) Protein gels. Total proteins of uninduced cells (lanes 1, 3, 5 ) and induced cells (lanes 2, 4, 6) were resolved by SDS͞PAGE and visualized by staining (lanes 1 and 2) , by Western blotting with anti-C (DnaE-c) antiserum (lanes 3 and 4) , or by Western blotting with anti-N (DnaE-n) antiserum (lanes 5 and 6). Positions of precursor proteins (N and C) and the spliced protein (N-C) are The finding of a split mini-intein has implications on intein evolution. The Ssp DnaE intein likely evolved from a continuous intein that later lost its sequence continuity. This result probably occurred through one or more genomic rearrangement events that separated the two halves of the DnaE gene (dnaE-n and dnaE-c) to different parts of the genome. A possible progenitor DnaE intein has not been found, and the 30% sequence identity between Ssp DnaE intein and the Rma DnaB intein (present in a DNA helicase) may be a coincidence, considering that the two inteins have nonhomologous exteins and dissimilar insertion sites. Emergence of a split intein requires that it possesses protein trans-splicing activity, unless the exteins can function without ligation and without removing the intein sequences. Other inteins also may possess a potential of becoming split inteins, as protein trans-splicing has been demonstrated with intein fragments engineered from several continuous inteins (36, 37, 40, 41) . The Ssp DnaE intein (in fragments) has a total size of a mini-intein (splicing domain only) and lacks any of the endonuclease sequence motifs. The Ssp DnaE intein, like other inteins that lack an endonuclease domain, may once have had and lost the endonuclease domain (13) , or alternatively it may never have acquired an endonuclease domain. The split site in the Ssp DnaE intein coincides with predicted endonuclease insertion site, indicating that this site of the intein is tolerant of both insertion and cleavage. If the Ssp DnaE intein once had and lost its endonuclease domain, this could have occurred before or after the loss of sequence continuity. An intein presumably loses the ability of intein homing once the endonuclease domain is lost. As for the Ssp DnaE intein, having the two intein fragments on different parts of the genome would prevent intein homing even if the endonuclease domain were present.
The Ssp DnaE intein likely does protein trans-splicing in its native cyanobacterial cell, as it did so in E. coli cells. A DnaE protein, either a spliced protein or precursors, has not been detected in the total protein of Synechocystis sp. PCC6803 by using the available anti-DnaE antisera (data not shown). This is most likely because of a combination of weak antisera and low levels of the DnaE protein. DnaE has been known to exist at very low levels in other bacterial cells. The E. coli DnaE protein was estimated at 10-12 molecules per cell (38) , which is sufficient to replicate the E. coli genome approximately every 0.5 hr. In comparison, Synechocystis sp. PCC6803 has a smaller genome that needs to be duplicated only every 10 hr (approximate cell-doubling time). It is therefore not unreasonable for this organism to have extremely low levels of the DnaE protein for DNA replication. Nevertheless, a DnaE protein is essential for the cell, and there is no other DnaE-like gene (complete or partial) beside dnaE-n and dnaE-c in this genome. These two genes, unlike pseudo genes, maintain long ORFs (2,694 bp for dnaE-n and 1,377 bp for dnaE-c), whereas their noncoding frames have numerous termination codons. Production of a functional DnaE protein likely requires protein trans-splicing to remove the intein sequences and ligate the extein sequences. It is less likely, although possible, for the two precursor proteins (DnaE-n and DnaE-c) to reconstitute a functional protein without splicing, considering that the intein sequences interrupt both the ␤-binding domain and the -binding domain. Although the polymerase active site is contained within the DnaE-n precursor protein, both the ␤-binding domain and the -binding domain are interrupted by the intein sequences and split between the DnaE-n and DnaE-c precursor proteins. There is no indication that the half intein sequences (Int-n and Int-c) can be cleaved off the precursor proteins without undergoing protein trans-splicing. Such a cleavage product was not observed with the DnaE-n and DnaE-c proteins in E. coli. Half inteins engineered in vitro from other inteins also lack such a cleavage activity (36, 37) . Functional ␤-and -binding domains are essential, because interactions of DnaE with the ␤ subunit (DNA clamp) and the subunit are critical for the function of DNA polymerase III (30) .
Protein trans-splicing has been demonstrated with engineered inteins in vivo and in vitro (36, 37, 40, 41) and has produced insights into the structural requirements for protein splicing. The discovery of the Ssp DnaE intein, a natural split intein that does protein trans-splicing, provides a new perspective on this phenomenon. In terms of structural requirements for protein splicing, the size and sequence of this naturally evolved split mini-intein are in close agreement with those of the smallest functional mini-inteins that have been engineered so far in a laboratory (15, 41) . In terms of possible biological function, the trans-splicing reaction between the DnaE-n and DnaE-c precursor proteins may present a step in which the synthesis of a functional DnaE protein is regulated. Absence of the penultimate C-terminal His residue (replaced by Ala) in the Ssp DnaE intein, although not preventing protein transsplicing, may slow down the splicing reaction, as was the case for other inteins (16, 17, 35) . A slow and regulated splicing step may be a mechanism for assuring very low levels of production of the mature DnaE protein. The ␤ and subunits of DNA polymerase III bind strongly with the DnaE protein and may therefore affect the trans-splicing reaction by bringing together the two precursor polypeptides of DnaE. It is interesting that the subunit of this organism also has an intein (Ssp DnaX intein), although the Ssp DnaX intein has a continuous sequence and is not specifically related to the Ssp DnaE intein in sequence and insertion site (29) . 
